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The Drosophila limb primordia originate as groups of
20–40 cells in the embryonic ectoderm. The leg and wing
primordia are specified as a single cluster of cells which
splits into dorsal and ventral groups to form the leg and
wing imaginal discs (reviewed in Cohen, 1993). During
larval development the disc primordia grow rapidly and
increase about one-thousand-fold in cell number. As the
discs mature the pattern of the appendages is specified
through localized expression of a number of transcription
factors (reviewed in Neumann and Cohen, 1997b; Carroll,
1998). This ultimately leads to the production of a fine-
grained pattern in which the number and position of struc-
tural features such as wing veins and sense organs are
specified.
Over 25 years ago Garcı´a-Bellido and colleagues recog-
nized that the developing limb primordia are subdivided
into developmentally separate domains, called compart-
ments (Garcı´a-Bellido et al., 1973; reviewed in Blair, 1995;
Lawrence and Struhl, 1996; Brook et al., 1996). Operation-
ally, compartments were defined in terms of the boundaries
of cell lineage restriction that separate them. The anterior
and posterior compartments derive from separate popula-
tions of founder cells in the embryonic ectoderm and the
progeny of these founder cells do not mix during subse-
quent development. During early larval development a
second lineage restriction boundary subdivides the wing
disc into dorsal and ventral compartments (Garcı´a-Bellido
et al., 1976). Subsequent work has shown that the compart-
ments are defined by localized expression of transcription
factors that specify compartment-specific cell fate: the
homeodomain proteins Engrailed and Invected specify pos-
terior fate and the LIM-homeodomain protein Apterous
specifies dorsal fate (reviewed in Blair, 1995; Lawrence and
Struhl, 1996; Brook et al., 1996).
Soon after compartments were first identified it was
recognized that the interface between these territories pro-
vided a discontinuity that could in principle serve as a
source of information to pattern the discs (Crick and B
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adjacent compartments has subsequently been shown to
lead to the expression of the secreted signaling proteins
Wingless (Wg) and Decapentaplegic (Dpp) in cells adjacent
to the compartment boundaries (Basler and Struhl, 1994;
Tabata and Kornberg, 1994; Diaz-Benjumea et al., 1994;
Diaz-Benjumea and Cohen, 1995; Zecca et al., 1995; Tabata
et al., 1995). Wg and Dpp form long-range activity gradients
that further subdivide the imaginal discs into discrete
regions by defining the domains of target gene expression
along the anterior–posterior (AP), proximal–distal (PD), and
dorsal–ventral (DV) axes of the limbs (Zecca et al., 1996; de
Celis et al., 1996b; Nellen et al., 1996; Lecuit et al., 1996;
ecuit and Cohen, 1997; Brook and Cohen, 1996; Jiang and
truhl, 1996; Neumann and Cohen, 1997a,b; Sturtevant et
l., 1997; Abu-Shaar and Mann, 1998; Wu and Cohen, 1999).
he formation and maintenance of these secondary subdi-
isions does not use cell-lineage-based mechanisms like
hose used to form compartments (e.g., Brook and Cohen,
996; Jiang and Struhl, 1996; Wu and Cohen 1999).
This review will address the formation of secondary
ubdivisions in the wing and leg. We will review recent
iterature on the subdivision of the wing into vein and
ntervein territories and subdivision of the leg into seg-
ents. We discuss some evidence which suggests that these
ubdivisions might function as semiautonomous units of
attern and growth control within the limbs.
PRIMARY AND SECONDARY
SUBDIVISION ALONG THE AP AXIS
OF THE WING
Primary Subdivision: Hedgehog Signaling
and the AP Compartment Boundary
Compartment-specific expression of engrailed was pro-
osed to produce a boundary of lineage restriction between
nterior (A) and posterior (P) compartments by causing
ifferential cell affinities between P and A cells (Garcı´a-
ellido, 1975). Cells mutant for both engrailed and invected
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2 Mila´n and Cohenare unable to sense the cell lineage restriction that normally
separates A and P compartments and can cross the com-
partment boundary freely (Zecca et al., 1995; Tabata et al.,
1995; Hidalgo, 1994). The idea that differential cell affinity
might be responsible for compartment segregation was
suggested by differences in the shape of mutant clones.
engrailed/invected mutant clones located in the P compart-
ment have smooth borders, suggesting that they try to
minimize contact with posterior cells. This contrasts with
the irregular outlines of mutant clones in the A compart-
ment or of control clones in either compartment (illustrated
in Fig. 1A).
Recent studies have suggested that the segregation of A
FIG. 1. Anteroposterior territorial subdivision of the wing primord
enes engrailed/invected (red). (Top right) Hedgehog (Hh) is expresse
moothened (Smo) and Patched (Ptc) to induce the expression of Dp
lones do not cross the AP boundary. engrailed/invected mutan
moothened mutant clones induced in the A compartment can cr
ein/intervein regions. Dpp induces the expression of Spalt (gree
osterior Spalt boundary lies between veins L4 and L5 and acts in
ndirectly via the neuregulin-like protein Vein (Vn, blue) to positioand P cells depends in part on communication between H
Copyright © 2000 by Academic Press. All rightompartments (Blair and Ralston, 1997; Rodriguez and
asler, 1997). P cells express Hh and induce Hh-responsive
enes in nearby A cells (Basler and Struhl, 1994; Tabata and
ornberg, 1994). Hh signals through a receptor complex
nvolving Patched and Smoothened (Marigo et al., 1996;
tone et al., 1996; Alcedo et al., 1996; van den Heuvel and
ngham, 1996; Chen and Struhl, 1996, 1998). Smoothened
unctions as the signal-transducing component of the recep-
or, so clones of cells mutant for smoothened are not able to
eceive the Hh signal. smoothened clones can cross the AP
ompartment boundary (Blair and Ralston, 1997; Rodriguez
nd Basler, 1997; see also Lawrence et al., 1999). Thus, the
egregation behavior of A and P cells appears to depend on
. (A) Posterior identity is conferred by the expression of the selector
P cells and signals to anterior cells via the transmembrane proteins
ue) along the AP compartment boundary. (Bottom right) Wild-type
nes induced in the P compartment can cross the AP boundary.
he AP boundary. (B) Dpp and Hh subdivide the wing pouch into
he anterior boundary of Spalt expression positions vein L2. The
ctly to position vein L5. Hh acts directly to position vein L3 and
in L4.ium
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3Secondary Subdivision Formation of Drosophila Wing and Legvation that clones of A cells mutant for Patched or PKA,
which activate the Hh pathway, round up, and minimize
contact with other A cells (Phillips et al., 1990; Tabata et
al., 1995; Pan and Rubin, 1995). It appears then that Hh
signaling is likely to alter the expression of a cell surface
protein (or proteins) in A cells that changes their interaction
with P cells. The molecules responsible for the behavior
have not yet been identified.
Secondary Subdivision: Hh and Dpp Subdivide the
Wing Pouch into Vein/Intervein Territories
Wing veins are the principle morphological readout of the
AP patterning system in the adult wing (Sturtevant and
Bier, 1995; illustrated in Fig 1B). Specification of vein and
intervein territories depends on the activity of both the Hh
and Dpp signaling systems. Hh forms a short-range activity
gradient in the A compartment that regulates the expres-
sion of a number of target genes, including Dpp (reviewed in
Lawrence and Struhl, 1996; Brook et al., 1996). Hh signaling
has been shown to define the position of the third longitu-
dinal vein (L3) (Mullor et al., 1997; Strigini and Cohen,
1997). Experiments using a membrane-tethered, nondiffus-
ible form of Hh have shown that size of the intervein region
between veins three and four depends on the ability of Hh
to form a short-range gradient in the A compartment
(Strigini and Cohen, 1997).
Hh also appears to have an indirect role in positioning
vein L4 in the posterior compartment. The gene vein
encodes a neuregulin-like protein that is thought to serve as
a ligand for the EGF receptor (Simcox et al., 1996; Schnepp
et al., 1996). vein is expressed in late third instar in A cells
adjacent to the AP boundary, presumably under Hh control
(Fig. 1B). Clones of cells mutant for vein in the anterior
compartment lead to loss of vein L4 in the adjacent poste-
rior region, whereas large posterior clones have no effect on
vein L4 (Garcı´a-Bellido et al., 1994). This indicates that
anterior expression of Vein is required to specify vein L4 in
the posterior compartment and suggests that Hh acts indi-
rectly via Vein to specify vein L4 in posterior cells. Vein is
also expressed more broadly at other times in wing devel-
opment and is required to support growth of the wing disc
during early larval stages and for the last cell divisions in
pupal wing.
Dpp serves as a secondary signal to relay information
from AP boundary. Dpp forms a long-range activity gradient
that regulates gene expression in A and P compartments
(Nellen et al., 1996; Lecuit et al., 1996). The transcription
factor Spalt-major and its homologue Spalt-related (referred
to collectively as Spalt) are targets of Dpp that have been
implicated in vein patterning (Fig. 1B). Clonal analysis
shows that vein L2 forms immediately adjacent to cells
expressing Spalt in the A compartment (de Celis et al.,
1996b; Sturtevant et al., 1997). This is reflected by localized
expression of the transcription factors Knirps and Knirps-
related in cells adjacent to the Spalt-expressing cells (Lunde
et al., 1998). Knirps and Knirps-related are required for
Copyright © 2000 by Academic Press. All rightSpalt-dependent formation of vein L2. The means by which
the Spalt boundary leads to induction of Knirps in neigh-
boring cells is not known.
The mechanism for positioning vein L5 is not under-
stood, though there is some evidence that Spalt has an
indirect effect. The posterior edge of the Spalt expression
domain is located between veins L4 and L5. Yet, clones
mutant for both genes affect the positioning of vein L5 even
though the vein does not abut the Spalt-expression border
(de Celis et al., 1996b).
Do Wing Veins Delimit Units of Growth Control?
Several observations suggest that the presumptive veins
may act as boundaries that influence the growth and mixing
behavior of cells in the adjacent intervein territories. Anal-
ysis of genetically marked clones shows that cells tend to
respect veins as boundaries to growth under normal condi-
tions (Gonza´lez-Gaita´n et al., 1994). Clones of genetically
marked cells tend to grow within a particular intervein
territory. These clones can extend for considerable dis-
tances along a vein without crossing (illustrated in Fig. 2A).
Marked clones tend to respect vein boundaries in wings
FIG. 2. Wing veins serve as boundaries. (A) Clones of genetically
marked cells (red) tend to grow along wing veins without crossing
them. Presumptive vein cells express rhomboid in the disc (rho,
shown in dark yellow). Intervein cells express the Drosophila
erum response factor in intervein cells(dSRF, shown in yellow). (B)
SRF mutant cells preferentially grow in the vein territory suggest-
ng that differential affinities between vein and intervein cells help
o maintain the vein/intervein subdivision.bearing ectopic veins, such as plexus mutant wings, sug-
s of reproduction in any form reserved.
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4 Mila´n and Cohengesting that it is simply the presence of the vein that
determines this cell behavior (Baonza and Garcia-Bellido,
1999). When given a growth advantage, clones of Minute1
cells can cross veins freely, indicating that veins do not act
as strict boundaries. Rather they appear to constrain cell
behavior so as to delimit intervein territories as units in
which growth occurs.
Vein and intervein territories are marked by differences
in gene expression as the disc develops (illustrated in Fig.
2B). The Drosophila serum-response-factor homologue,
listered, is expressed throughout the interveins and is
equired to allow cells to adopt intervein identity (Mon-
agne et al., 1996; Roch et al., 1998). In dSRF/blistered
utant wings all cells adopt vein identity and the in-
erveins are lost, suggesting that repression of blistered is
equired for vein differentiation. In this context the behav-
or of clones of dSRF/blistered mutant cells is interesting.
nlike wild-type clones which grow in intervein territories
nd which may run adjacent to veins without crossing
hem, dSRF/blistered mutant cells preferentially segregate
nto the vein even when given a growth advantage (Roch et
l., 1998). The borders between blistered mutant cells and
ild-type cells is typically smooth, suggesting that vein and
ntervein cells may have a differential cell affinity.
Rhomboid is expressed in all presumptive vein territories
here it is thought to activate Spitz, a ligand for the EGF
eceptor (Sturtevant et al., 1993, 1997). In some viable
ombinations of rhomboid and vein alleles, all veins are
issing and the wing is considerably reduced in size
Garcı´a-Bellido et al., 1994). Blistered is expressed through-
ut the wing in this situation, suggesting that Rhomboid-
ependent activation of the EGF receptor is required to
epress Blistered expression in presumptive veins (Roch et
l., 1998). The loss of veins in these genotypes can be
uppressed by reducing Blistered activity, suggesting a regu-
atory loop between vein and intervein territories which
epends in part on Rhomboid activity.
Other signaling systems have been implicated in this
egulatory loop. The Notch-ligand, Delta, is expressed in
resumptive veins. Delta regulates Notch expression in
djacent intervein cells and limits Rhomboid expression to
he presumptive veins (de Celis and Bray, 1997). Argos, a
ecreted antagonist of EGF-receptor signaling, is also ex-
ressed in the presumptive veins and may help to regulate
elta expression (Sawamoto et al., 1994; Schweitzer et al.,
995; de Celis et al., 1997). Thus a complex interplay
etween different signaling systems appears to be involved
n distinguishing vein and intervein territories.
The behavior of vein and intervein cells is probably a
onsequence of these signaling events. The two populations
enerally do not mix, suggesting a difference in cell affinity.
s a consequence of this affinity boundary, growth tends to
ake place within a given intervein territory. This raises the
uestion of whether intervein territories might function as
emiautonomous units of growth control.
Copyright © 2000 by Academic Press. All rightPRIMARY AND SECONDARY
SUBDIVISION OF THE LEG ALONG
THE PROXIMAL–DISTAL AXIS
Primary Subdivision: Proximal and Distal Leg
Domains Are Not Compartments
Primary subdivision of the leg along the PD axis does not
involve the formation of compartment boundaries. No
lineage restriction separates leg from body wall (Steiner,
1976; Wieschaus and Gehring, 1976; illustrated in Fig. 3).
Wingless and Dpp form overlapping activity gradients that
specify cell fates along the proximal–distal axis of the leg by
regulating the expression of transcription factors that define
several distinct domains (illustrated in Fig. 3A; Lecuit and
Cohen, 1997). The disc is initially subdivided into proximal
and distal domains by inducing Distal-less and repressing
Homothorax and Teashirt expression (Diaz-Benjumea et al.,
1994; Abu-Shaar and Mann, 1998; Gonza´lez-Crespo et al.,
1998; Wu and Cohen, 1999). Homothorax (Hth) and Tea-
shirt (Tsh) expression correspond to the presumptive body
wall, coxa, and trochanter segments. Distal-less is tran-
siently expressed in the primordia of all leg segments
(Weigmann and Cohen, 1999) and is later restricted to the
distal tibia and tarsal region and to a ring in the trochanter
(Diaz-Benjumea et al., 1994; Gorfinkiel et al., 1997; Camp-
bell and Tomlinson, 1998). Slightly later, Wg and Dpp
induce Dachshund expression in a ring that includes the
presumptive femur, tibia, and proximal tarsus (Lecuit and
Cohen, 1997; Mardon et al., 1994). Each of these genes is
required for formation of specific regions of the leg, but
their expression domains do not correspond precisely to the
future segments of the adult leg.
The primary subdivision of the leg into proximal and
distal domains does not define proximal and distal founder-
cell populations that are kept separate thereafter (illustrated
in Fig. 3B). Lineage-tracing experiments have shown that
there is a significant net flow of cells from the proximal
domain into the distal domain in normal development
(Weigmann and Cohen, 1999). To cross between these
domains cells must be able to change their pattern of gene
expression. Proximal cells must lose Homothorax expres-
sion and be able to express Distal-less to cross into the
distal leg (Fig. 3B; Cohen and Ju¨rgens, 1989; Wu and Cohen,
1999). The outer ring of Dll expression seems to represent a
transitional zone where cells change their identity from
proximal to distal as the disc grows. Formation of this ring
is important for formation of proximal leg segments. In the
absence of extradenticle or homothorax activity the ring
does not form and the separation between proximal leg
segments and the body wall is lost with the result that
femur and body wall structures fuse (Rauskolb et al., 1995;
Abu-Shaar and Mann, 1998; Gonza´lez-Crespo et al., 1998;
Wu and Cohen, 1999). Although there is no boundary of cell
lineage restriction subdividing the PD axis into proximal
and distal territories, separation of the territories is main-
tained by differential gene expression. At present the
s of reproduction in any form reserved.
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Copyright © 2000 by Academic Press. All rightmechanism by which the cell populations are kept separate
is not known. A mechanism based on differences in affinity
between proximal and distal cells seems likely because
clones of Hth-expressing cells produced in the distal do-
main sort out from the surrounding distal disc epithelium.
Likewise clones of Dll-expressing cells sort out from the
proximal Hth-expressing cells (Wu and Cohen, 1999).
Secondary Subdivision: Leg Segments
At later stages of leg development the disc is subdivided
into presumptive segments. As noted above the segment
borders do not align precisely in all cases with the domains
of gene expression defined by Wg and Dpp along the PD axis
of the leg (Fig. 3A). Segmentation is prefigured by the
expression of a number of genes in ring patterns in the leg
disc (Cohen, 1993). Among these are genes suggesting a role
for the Notch pathway in leg segmentation (de Celis et al.,
1998; Bishop et al., 1999; Rauskolb et al., 1999). Reporter
gene expression suggests that Notch signaling is activated
in cells at the distal end of each forming segment, and
clonal analysis shows that Notch pathway activity is re-
quired for segment boundary formation and its ectopic
activation induces formation of extra joints (de Celis et al.,
1998; Bishop et al., 1999; Rauskolb et al., 1999). As in the
case of the wing veins and wing margin, localized activation
of the Notch pathway at the forming leg segment bound-
aries appears to involve a feedback loop leading to upregu-
lation of the ligands Serrate and Delta in cells adjacent to
those which have maximal Notch activity (de Celis and
Bray, 1997; de Celis et al., 1997; Micchelli et al., 1997).
Because of the topology of the leg, it is not known whether
leg segments serve as boundaries to clone growth.
DO INTERVEIN TERRITORIES AND LEG
SEGMENTS FUNCTION AS UNITS
OF GROWTH CONTROL?
How do the long-range gradients of Wg and Dpp influence
the size of the developing appendages? One model suggests
that size and pattern are specified directly by the long-range
ligand gradients (Lawrence and Struhl, 1996; Serrano and
O’Farrell, 1997). According to this view growth stops when
the gradient achieves a particular slope or local value, so
that size would be defined with reference to a set of global
positional cues. In the wing, the model would predict that
the Dpp gradient directly determines growth along the AP
axis and that the size of A and P compartments (illustrated
in Fig. 4A). An alternative model is that the Dpp morphogen
gradient defines a limited number of domains (e.g., Fig. 4B)
and that subsequent patterning and size regulation is done
with reference to these secondary subdivisions.
Two sets of observations may help to distinguish be-
tween these possibilities in the wing disc. First, clones of
cells lacking extramacrochaetae (which encodes a helix–
loop–helix protein) can eliminate an intervein territory andFIG. 3. Proximal–distal subdivision of the leg. (A) Stages of PD
axis formation are depicted from top to bottom. Wg and Dpp are
expressed in wedge shaped expression domains along the AP
boundary of the leg disc (Dpp dark blue; Wg red). Wg and Dpp
induce Dll (pink) and repress Homothorax (Hth, pale blue) to
generate a primary subdivision into two territories. Wg and Dpp
subsequently induce Dachshund (green) in a ring separating the Dll
and Hth domains. Further refinement of the pattern leads to
overlapping expression domains (bottom). The outer ring where
Dll, Dachshund and Hth are coexpressed (dark blue) corresponds
approximately to the trochanter and is needed to prevent leg
segments from fusing with the body wall. (B) Projection of the
expression domains onto the adult leg. The distal expression
domains do not coincide with leg segments in a simple way. (C)
Cell behavior at the Dll/Dac Hth ring. Clones of marked but
otherwise wild-type cells freely cross the ring (1/1, yellow; at left).
Distal-less mutant clones in the proximal domain cannot enter the
ring (Dll2, black; center). In distal regions these clones generally
ort out from the epithelium and are lost (Wu and Cohen, 1999).
lones of cells forced to express Hth (right panel) can enter the ring
ut cannot cross into more distal territory. Cells must change their
attern of gene expression to cross the ring.s of reproduction in any form reserved.
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6 Mila´n and Cohencause fusion of the flanking veins, without changing the
size of the adjacent territories (de Celis et al., 1996a;
illustrated in Fig. 4D). In the example shown, the size of the
region posterior to vein 4/5 is not increased to compensate
for the missing intervein territory, as might be expected if
the Dpp gradient directly controlled the size of the P
compartment. This illustrates that removing an intervein
territory has relatively little effect on the size of the
adjacent territory as long as the vein is present. In contrast,
a second set of experiments shows that removing a vein can
have a significant impact on the size of the adjacent
territories. Clones of cells mutant for Spalt can eliminate
vein 2 (as illustrated in Fig. 4C). Loss of the vein causes the
two adjacent “intervein” territories to be reduced to ap-
proximately the size of a single intervein territory (de Celis
et al., 1996b). In the absence of vein L2, the spacing between
vein L3 and the anterior margin is similar to the normal
spacing between vein L2 and the margin.
FIG. 4. Long-range vs local growth control. (A) Model for direct l
he wing. The slope and amplitude of the gradient would directly
ndirect role for Dpp mediated through secondary subdivision of th
enes. Spalt (green) has been implicated in specifying vein positions
uch clones cause loss of vein L2. The A compartment is reduced t
radient model the first vein (at the anterior margin) would be sp
omparable effects are seen in the posterior compartment where t
emc) clone (red) causing loss of the region between veins 4 and 5
elatively normal, suggesting that posterior compartment size is nThese observations are difficult to reconcile with a model t
Copyright © 2000 by Academic Press. All rightn which the Dpp gradient directly controls final wing size
long the AP axis. Rather, they suggest that specification of
ein/intervein territories may be an important intermediate
tep in the patterning/growth regulation process. Careful
tudies of the pattern of cell division in rhomboid and vein
utants show that the reduced size of these wings is due to
decrease in the number of cell divisions in the pupal wing
isc. The pupal cell divisions begin near the veins and
rogress in a wave-like pattern into intervein regions
Garcı´a-Bellido et al., 1994; Schubiger and Palka, 1987;
ilan et al., 1996). When veins are absent, as in these
utants, the late divisions do not occur. These observa-
ions suggest an important role for veins in controlling
rowth of intervein territories.
Can a comparison be drawn between wing vein/intervein
erritories and leg segments? In some sense, specification of
eg segment boundaries might be considered comparable to
he specification of vein–intervein boundaries. Both reflect
ange influence of Dpp on growth and pattern along the AP axis of
trol the size of A and P compartments. (B) Model illustrating an
is. Different thresholds of Dpp induce the activation of the target
Depiction of a spalt mutant clone filling the A compartment (red).
intervein regions of approximately normal size. According to the
ed at a higher level in the Dpp gradient than in normal discs (B).
ones lead to loss of vein 5. (D) Depiction of an extramacrochaetae
fusion of the veins. The size of the region posterior to vein L5 is
rectly determined by the slope or amplitude of the Dpp gradient.ong-r
con
e ax
. (C)
o two
ecifi
he cl
andhe formation of reiterated patterns that subdivide a larger
s of reproduction in any form reserved.
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7Secondary Subdivision Formation of Drosophila Wing and Legdevelopmental field. In the wing, a reasonably good case can
be made that these territories function as semiautonomous
units of size regulation at later stages of development.
There is some evidence that disruption of segment bound-
aries in the leg can lead to reduced growth of the flanking
segments (de Celis et al., 1998; Bishop et al., 1999; Raus-
olb et al., 1999); however, it remains to be determined
hether leg segments function as autonomous units of size
egulation. The similarities between these systems are
ntriguing.
HOW IS SIZE MEASURED?
Recent studies have suggested that overall size regulation
in the fly depends on control of cell growth by the PI3
kinase pathway (Leevers et al., 1996; Bo¨hni et al., 1999;
einkove et al., 1999). Other studies have shown that the
atterning cues control tissue size or volume and that this
an be uncoupled from control of cell number (Weigmann
t al., 1997; Neufeld et al., 1998). In this review we have
iscussed evidence that patterning and growth control
epend on subdivision of the limb field into smaller func-
ional units. Cell communication within these units must
lay a central role in size regulation. One of the exciting
hallenges will be to determine how size is measured in
hese units and how this impacts upon activity of the
ignaling systems that control cell and tissue growth.
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